Higher plants possess several classes of peroxisomes that are present at distinct developmental stages and serve different metabolic roles. To investigate the cellular processes that regulate developmental transitions of peroxisomal function, we analyzed the targeting of glyoxysomal proteins to leaf-type and root peroxisomes. We transferred genes encoding the glyoxysome-specific enzymes isocitrate lyase (IL) and malate synthase into Arabidopsis plants and showed, in cell fractionation and immunogold localization experiments, that the glyoxysomal proteins were imported into leaf-type and root peroxisomes. We next defined the sequences that target IL to peroxisomes and asked whether the same targeting determinant is recognized by different classes of the organelle. By localizing deletion and fusion derivatives of IL, we showed that the polypeptide's carboxyl terminus is both necessary for its transport to peroxisomes and sufficient to redirect a passenger protein from the cytosol to both glyoxysomes and leaf-type peroxisomes. Thus, glyoxysomal proteins are transported into several classes of peroxisomes using a common targeting determinant, suggesting that protein import does not play a regulatory role in determining a peroxisome's function. Rather, the specific metabolic role of a peroxisome appears to be determined primarily by processes that regulate the synthesis and/or stability of its constituent proteins. These processes are specified by the differentiated state of the cells in which the organelles are found.
INTRODUCTION
In higher plants, there are at least three defined classes of peroxisomes whose metabolic roles are specified by the developmental state of a cell (reviewed in Huang et al., 1983; Olsen and Harada, 1991) . Glyoxysomes, present in postgerminative seedlings and senescent organs, function in the mobilization of storage lipids present in seeds by sequestering enzymes of the glyoxylate cycle (Beevers, 1979; Huang et al., 1983; Trelease, 1984; Gut and Matile, 1988; De Bellis et al., 1990; Graham et al., 1992) . Leaf-type peroxisomes are present in green tissues that are photosynthetically active and contain enzymes essential for the light-dependent reactions of photorespiration, including glycolate oxidase and hydroxypyruvate reductase (Tolbert, 1981; Huang et al., 1983) . The root nodules of certain legumes have specialized peroxisomes containing urate oxidase that is involved in producing ureides, the primary nitrogenous compounds exported from the nodules (Tolbert, 1981; Huang et al., 1983) . Additionally, unspecialized peroxisomes without defined metabolic roles are present in some plant organs, including the roots of most plants To whom correspondence should be addressed. (Newcomb, 1982; Huang et al., 1983) . Although plant peroxisomes have different metabolic functions, they all contain catalase for the decomposition of hydrogen peroxide, are bounded by a single membrane, and do not contain an organellar genome (Tolbert, 1981; Huang et al., 1983) . Moreover, peroxisomes can undergo an interconversion in function as glyoxysomes become leaf-type peroxisomes in seedling cotyledons during the transition from heterotrophic to autotrophic growth (Titus and Becker, 1985; Nishimura et al., 1986; Sautter, 1986; Behrends et al., 1990; De Bellis et al., 1990) . Thus, higher plant peroxisomes are functionally adaptable organelles that respond to the specific requirements of a cell. The specialized function of a peroxisome is dictated by the unique set of enzymes that accumulates in each type of organelle. Peroxisomal proteins are encoded by nuclear genes, synthesized in the cytosol on free polyribosomes, and transported post-translationally into the organelle (Lazarow and Fujiki, 1985; Borst, 1989) . To address questions about the processes regulating transitions in peroxisomal function, we have investigated whether a particular class of peroxisome selectively imports a subset of proteins. Specifically, experiments have been done to determine whether the glyoxysomal enzymes isocitrate lyase (IL) and malate synthase (MS) can be recognized by and imported into leaf-type and root peroxisomes. These proteins are present exclusively in glyoxysomes and do not normally accumulate in the nonsenescent organs of mature plants (Beevers, 1979; Ettinger and Harada, 1990) .
We have also asked what constitutes a peroxisomal targeting determinant in plant proteins to determine, in part, whether different classes of peroxisomes recognize distinct determinants. Because IL and MS appear to be synthesized at their mature size, the amino acid sequences that target the enzymes to peroxisomes must reside within the mature protein (Lazarow and Fujiki, 1985; Borst, 1986) . Peroxisomal targeting determinants have been identified primarily through studies of yeast and animal proteins. The best characterized determinant is a three-amino acid motif that occurs at the carboxyl terminus of many proteins, including firefly luciferase (Gould et al., 1987 (Gould et al., , 1988 (Gould et al., , 1989 . However, other peroxisomal targeting determinants have been identified that are present in the amino-terminal presequence of rat thiolase that is processed proteolytically and in the amino-terminal and interna1 regions of Candida tropicalis acyl COA oxidase (Small et al., 1988; Swinkels et al., 1991) . Thus, severa1 distinct determinants may serve to target proteins to peroxisomes.
To study the developmental specificity of peroxisomal protein import, we constructed IL and MS genes that, unlike the endogenous genes, expressed the proteins in mature organs of transgenic Arabidopsis thaliana plants. We showed that leaftype and root peroxisomes are competent to import glyoxysomal proteins, indicating that protein import does not play a selective role in regulating protein accumulation in peroxisomes. Localization studies with deletion derivatives of the IL polypeptide and with fusion proteins comprised of regions from the nonperoxisomal protein chloramphenicol acetyltransferase (CAT) and IL showed that the carboxyl terminus of IL is both necessary and sufficient to target proteins to distinct classes of plant peroxisomes. The implications of these findings for the processes that regulate the interconversion of peroxisomal function are discussed.
RESULTS

Leaf-Type Peroxisomes Are Competent to lmport Glyoxysomal Proteins
Severa1 prevalent glyoxysomal proteins, including IL and MS, are not normally detected in peroxisomes of nonsenescent leaves and roots (Beevers, 1979; Ettinger and Harada, 1990) . To determine whether leaf-type and root peroxisomes are competent to import glyoxysomal proteins, we constructed the genes, shown diagrammatically in Figure 1 , that encode IL and MS from oilseed rape (Brassica napus L). To permit their expression throughout the plant life cycle, these genes were fused with the 35s promoter from cauliflower mosaic virus, which is active at high levels in most tissues of a plant (Odell et al., 1985) . The constructs were transferred into Arabidopsis using Agrobacterium turnefaciens-mediated gene transfer procedures, and plants were regenerated (see Methods). and MS ( Figure 28 , lanes 1 and 2) polypeptides were detected immunochemically in extracts from transgenic green Arabidopsis seedlings that were grown for 2 weeks in a lightldark cycle (see Methods). The seedlings possessed primarily green, expanded cotyledons and primary leaves that contained leaf-type peroxisomes rather than glyoxysomes, as indicated by the absence of endogenous IL and MS in untransformed seedlings ( Figure 2A , lane 6) and in transgenic seedlings containing the transformation vector alone (Figure 2A , lane 7 and Figure 2B , lane 3). Each protein accumulated to similar levels in several independent transgenic plants. Moreover, both enzymes were active in the leaves of transgenic plants (data not shown). Thus, IL and MS proteins are active and stable when present in leaves.
IL
To determine whether the glyoxysomal proteins were imported into leaf-type peroxisomes, we first analyzed their subcellular localization in transgenic green seedlings using cell fractionation experiments. Organelles in seedling extracts were separated on continuous sucrose gradients, and the positions of the glyoxysomal proteins relative to organellar markers were determined. Figure 3A (A) IL polypeptides were detected with immunoblots of extracts from transgenic green Arabidopsis seedlings grown for 14 days in a light/dark cycle (see Methods). IL #2 and #5 (lanes 2 and 3, respectively) and IL-37 #5 and #7 (lanes 4 and 5, respectively) are representative extracts from independent transformants, NT is from nontransformed seedlings (lane 6), and vector is from transgenic seedlings containing the transformation vector alone (lane 7). Bn (B. napus; lane 1) is an extract from dark-grown oilseed rape seedlings which contains the endogenous IL polypeptide. (B) Detection of MS polypeptides in green seedling extracts. MS #2 and #3 (lanes 1 and 2, respectively) each represent extracts from independent transformants. Other designations are as in (A). isolation, releasing their contents to supernatant fractions. The differential recovery of IL and catalase in peroxisomal and the cytosolic fractions was observed in numerous experiments and has been reported by others (Biegelmayer et al., 1973; Koller and Kindl, 1977; Theimer and Rosnitschek, 1978; Liang etal., 1982; Vigil, 1988) . Figures 3B and 3C also show that IL protein and catalase activity were well separated from chloroplasts and mitochondria in the gradients, as indicated by the peaks of chlorophyll (fractions 8 to 10) and fumarase activity (fractions 10 to 12), respectively.
The localization of MS in leaves was also addressed in cell fractionation experiments. As summarized in Figures 3A and 3D, MS cofractionated with leaf-type peroxisomes, although some of the protein was also associated with mitochondria (see below). Similar results were obtained with all other plants tested that contained either of these transgenes. Together, the results suggest that the glyoxysomal proteins IL and MS are targeted to leaf-type peroxisomes.
We next asked whether the glyoxysomal proteins were imported into or merely associated with leaf-type peroxisomes. Selected gradient fractions were digested with proteinase K to differentiate between proteins outside of the organellar membrane that would be degraded by the protease and imported proteins that would be protected. As shown in Figure 4 , IL and MS polypeptides that cofractionated with peroxisomes (fractions 5 and 4, respectively) were resistant to protease digestion, whereas those migrating in the gradients with the contents of broken organelles (fractions 15 and 14, respectively) were susceptible. These data suggest that IL and MS can be imported into leaf-type peroxisomes. We also note that the MS that cofractionated with mitochondria (fraction 12) was digested with proteinase K, indicating that the protein was associated with but not transported into the organelle. Although MS is a soluble, matrix enzyme, it often aggregates during extraction, and the enzyme aggregates migrate aberrantly in gradients (Chapman et al., 1989) .
Immunogold localization experiments showed that IL was transported into leaf-type peroxisomes and not merely associated with the membrane in a protease-resistant conformation. Figure 5A shows a representative section of a leaf mesophyll cell from a plant containing the IL transgene that was reacted with antibodies raised against oilseed rape IL and decorated with secondary antibodies conjugated with immunogold particles. IL was localized within peroxisomes and not detected elsewhere in the cell. Figure 5B shows that the antibodies did not react with endogenous proteins in leaf cells transformed with the vector alone, whereas Figure 5C demonstrates that preimmune serum did not react with the leaf sections.
Isocitrate Lyase Is Transported into Root Peroxisomes
Because the 35S promoter, which was used to drive expression of the transgenes, is active in roots, we used immunogold localization experiments to determine whether root peroxisomes could import the glyoxysomal protein IL (Benfey et al., Cell fractionation experiments were done on transgenic green seedlings grown for 14 days in a light/dark cycle, as described in Methods. Fraction 1 is from the bottom of the gradient, while fraction 18 is from the top. Immunoblots were done on selected fractions from cell fractionation gradients either before (-) or after (+) treatment with proteinase K. Protease resistance indicates that the target protein was protected from the protease by a membrane. Either IL or MS antibodies were used to detect polypeptides from extracts of transgenic green seedlings containing the IL or MS transgenes, respectively. In these particular gradients, peroxisomal activity peaked in fractions 5 (IL) and 4 (MS), fraction 12 (MS) contained mitochondria, and fractions 15 (IL) and 14 (MS) included the cytosol. Polypeptides were susceptible to protease digestion following addition of Triton X-100 to the fractions. A small amount of protease-resistant IL or MS was occasionally observed in the cytosol fractions because these fractions contained ~10-fold more total protein than the peroxisomal fractions.
1989). Figure 6C illustrates the morphology of organelles in Arabidopsis roots transformed with the vector alone that had features consistent with peroxisome structure (see arrow). These organelles, rarely seen in root cells, stained for catalase activity with diaminobenzidine, confirming their identity as peroxisomes (data not shown). Figures 6A and 6B show substituted for fraction 18 to show the difference in mobility. The aberrant migration of bands in fractions 13 to 18 of the IL and MS gradients is caused by the comigration of BSA added in the fractionation buffer. Protein migration in the IL-37 gradient is not distorted because significantly less total protein was applied to this gel. The IL-37 immunoblot was reacted with substrates for a correspondingly longer period for equivalent final color development. that IL was localized in the root peroxisomes of plants containing the IL transgene but was not detected in the roots of plants transformed with the vector alone ( Figure 6C ). Specificity of the antibody reaction is shown in Figure 6D by the absence of labeling with preimmune serum. These results demonstrate that root peroxisomes can recognize and import a glyoxysomal protein.
Carboxyl Terminus of IL 1s Necessary for Transport into Peroxisomes
Because different classes of peroxisomes were competent to import glyoxysomal proteins, we next asked whether the same targeting determinant(s) could direct proteins to both glyoxysomes and leaf-type peroxisomes. The targeting determinant was expected to occur within the mature protein because IL is synthesized at its final size on free cytoplasmic polyribosomes (Zimmermann and Neupert, 1980; Lord and Roberts, Many yeast and mammalian peroxisomal proteins have been shown to contain a carboxyl-terminal targeting determinant (Gould et al., 1989; Keller et al., 1991 ). Consequently, we tested the necessity of ICS carboxyl terminus by constructing the deletion mutant designated IL-37 in Figure 1 that encodes a protein lacking 37 carboxyl-terminal amino acids. As shown in Figure 2A (lanes 4 and 5) , IL-37 was stable in transgenic green Arabidopsis seedlings and had a smaller relative molecular mass than unaltered IL, although the IL-37 protein was not active enzymatically. The representative cell fractionation experiment shown in Figures 3A and 3 8 indicated that IL-37 was present in the cytosol (fractions 13 to 17) but not the peroxisomes (fractions 4 to 6) of green seedlings. The results suggest that the carboxyl terminus of IL is necessary for its transport into peroxisomes.
1983).
Carboxyl Terminus of IL 1s Sufficient to Target a Passenger Protein to Peroxisomes
The demonstration that I CS carboxyl terminus was necessary for transport into peroxisomes raised the question of whether the carboxyl-terminal region contained the targeting determinant or merely maintained the protein in a conformation necessary for import. We determined the sufficiency of this region for targeting by constructing the chimeric gene CAVIL i 35, shown diagrammatically in Figure 1 , encoding the bacterial protein CAT fused at its carboxyl terminus with the carboxyl-terminal 35 amino acids from IL. 60th the chimeric gene and a gene encoding the passenger protein CAT alone, each under the control of the 35s promoter, were transferred separately into Arabidopsis. CAT activity assays showed that both CAT and CAT/lL+35 were active enzymatically in transgenic green seedlings. Thus, the fusion protein can be detected in transgenic plants.
The intracellular location of CAT/IL+35 in seedlings grown in the dark for 4 days after the start of imbibition was analyzed in cell fractionation experiments. Dark-grown seedlings contain glyoxysomes rather than leaf-type peroxisomes. As shown in Figure 7A , CAT activity from transgenic seedlings containing the CATAL i 35 gene was distributed similar to catalase activity in the gradient, indicating that the fusion protein was directed to glyoxysomes. By contrast, the control passenger protein CAT was restricted to cytosolic fractions. The CAVIL i 35 and CATtransgenic plants used in these analyses possessed roughly equal levels of total CAT activities. To determine whether the carboxyl-terminal region from the glyoxysomal protein also targeted CAT/lL+35 to leaf-type peroxisomes, we analyzed transgenic green seedlings. A representative cell fractionation experiment, summarized in Figure 78 , shows that CAT/IL+35 fractionated primarily with peroxisomal and cytosolic fractions. Together, the results indicate that the carboxyl-terminal region of IL is sufficient to divert the transport of a passenger protein from the cytosol to both glyoxysomes and leaf-type peroxisomes.
The targeting determinant for the peroxisomal protein firefly luciferase has been shown to consist of three amino acids at its carboxyl terminus, serine-lysine-leucine (SKL) (Gould et al., 1987 (Gould et al., , 1989 . To determine whether the carboxyl terminus of IL fulfills a similar role, we determined the subcellular localization of CAT/SRM, a fusion protein consisting of the five carboxyl-terminal residues of IL, alanine-lysine-serine-argininemethionine (AKSRM), attached to the carboxyl terminus of CAT (see Methods; Figure 1 ). Figure 7C shows that the CATISRM polypeptide in transgenic Arabidopsis comigrated with catalase activity in peroxisomal and cytosolic fractions, indicating that it was targeted to peroxisomes. CAT activity was also detected consistently in fractions (12 to 13) containing mitochondria. We were unable to determine whether the CATISRM protein was nonspecifically associated with mitochondria or cofractionated with mitochondrial fractions as aggregates, because the polypeptide in both mitochondrial and cytosolic fractions was resistant to protease treatment. Nevertheless, the results show that the five carboxyl-terminal amino acids of IL constitute a minimal targeting determinant that directs proteins to higher plant peroxisomes.
DlSCUSSlON
Role of Protein Transport in Specifying the Metabolic Function of a Specific Class of Peroxisomes
Our protein transport assays in transgenic plants have provided us with the unique opportunity to examine the processes that establish the metabolic role of a peroxisome during plant development. Plants have severa1 types of peroxisomes, each with its own enzyme complement (Beevers, 1979; Tolbert, 1981; Huang et al., 1983) . Although all plant peroxisomes contain catalase, only glyoxysomes contain a complete complement of glyoxylate cycle enzymes, while photorespiratory enzymes are prevalent only in leaf-type peroxisomes and root peroxisomes in certain legumes possess enzymes specialized for nitrogen metabolism. Furthermore, during seedling development, peroxisomes in cotyledons undergo transitions in function as glyoxysomes are converted to leaf-type peroxisomes during greening and leaf-type peroxisomes are retransformed into glyoxysomes as the organ senesces (Titus and Becker, 1985; Nishimura et al., 1986; Sautter, 1986; Gut and Matile, 1988; De Bellis et al., 1990) .
Although the metabolic roles of peroxisomes are determined by their specific enzyme complement, our results show that leaf-type and root peroxisomes are competent to import the glyoxysomal enzymes and that the enzymes are active in transgenic plants (Figures 3 to 6 ; data not shown). Similar results were obtained with these constructs in transgenic tobacco plants (L.J. Olsen, E. Brenner, and J.J. Harada, unpublished results). These results suggest that specific classes of peroxisomal proteins are not selectively transported into the organelle and, therefore, that transitions in peroxisomal function are not regulated primarily at the level of protein import. That is, a peroxisome is not leaf type because it is unable to import other types of peroxisomal proteins. In this respect, protein targeting to plastids, a plant organelle that also serves a number of metabolic roles at different developmental stages, appears to be similar. For example, chloroplasts import amyloplast proteins and chloroplast proteins are imported into chromoplasts and leucoplasts (Boyle et al., 1986; de Boer et al., 1988; Li et al., 1992) .
We have shown previously that the induction and repression of IL and MS activities during the plant life cycle are regulated primarily at the transcriptional level, although posttranscriptional processes affect accumulation of the proteins (Comai et al., 1989a; Ettinger and Harada, 1990) . Our finding that protein transport does not play a determinative role in defining the metabolic function of a peroxisome emphasizes the importance of transcriptional regulation and, therefore, cellular differentiation in this process. Ultimately, glyoxysomal function is induced by the physiological signals that activate transcription of genes encoding the glyoxysome-specific enzymes. Because the organelle appears to be receptive to different classes of peroxisomal proteins, a peroxisome's function must be determined by whether a specific set of proteins is synthesized in the cytosol and is stable following transport.
Thus, peroxisomes in higher plants appear to be highly adaptable organelles that can accommodate a variety of peroxisomal proteins. Similar results have been reported for peroxisomes from other organisms. For example, peroxisomes of insects, mammalian cells, the yeast Saccharomyces cerevisiae, and tobacco leaves are competent to import firefly luciferase (Gould et al., 1990) . In addition, acarboxyl-terminal segment of a peroxisomal protein from the yeast Candida boidinii was sufficient to direct a passenger protein to peroxisomes in mammalian cells (Gould et al., 1990) . Moreover, we found that high-leve1 expression of the /I transgene in roots results in an enlargement of root peroxisomes, suggesting that the size of a peroxisome may be influenced by the amount of peroxisomal protein presented to the organelle (Figure 6 ; M.A. Webb, B. Damsz, L.J. Olsen, and J.J. Harada, unpublished observations). This plasticity in peroxisomal size also has been observed when the peroxisomal protein methanol oxidase is overproduced in the yeast Hansenola polymorpha (Roggenkamp et al., 1989) . In our study, the changes in peroxisomal size and content did not noticeably affect the growth or development of the transgenic plants.
The Same Targeting Determinant Directs a Glyoxysomal Protein to Glyoxysomes and Leaf-Type Peroxisomes
There are several types of peroxisomal targeting determinants. First, a consensus motif of SKL is located at the carboxyl terminus of most peroxisomal proteins analyzed, including many plant peroxisomal proteins (Gould et al., 1989; Olsen and Harada, 1991) . This determinant, first identified in firefly luciferase, is both necessary and sufficient to target proteins to peroxisomes (Gould et al., 1987) . The tripeptide serves as a targeting determinant even when conservative amino acid substitutions are made at each position (Gould et al., 1989) . However, the determinant does not appear to function at interna1 locations within a polypeptide (Gould et al., 1989) . Second, several peroxisomal proteins are synthesized with an aminoterminal prepeptide that is processed proteolytically to yield the mature protein (Gietl, 1990; Hijikata et al., 1990; Swinkels et al., 1991) . A region of the prepeptide of rat thiolase, which does not contain a consensus SKL sequence, has been shown to be necessary for import into peroxisomes (Swinkels et al., 1991) . Third, the amino-terminal and an interna1 region of acyl COA oxidase from the yeast Candida tropicalis, neither of which contains an SKL consensus determinant, have been shown to be sufficient to target a passenger protein to peroxisomes (Small et al., 1988; Borst, 1989) . Although the SKL consensus sequence is common among peroxisomal proteins, it is not the only peroxisomal targeting determinant.
Our experiments clearly show that the carboxyl-terminal region of IL is both necessary and sufficient to target proteins to peroxisomes (Figures 3 and 7) . The carboxyl-terminal three residues of IL, SRM, are similar to the SKL consensus sequence, and our experiments with CATISRM strongly suggest that the five carboxyl-terminal amino acids of IL compose a functional targeting determinant ( Figure 7C ). Similarly, we have shown that the carboxyl-terminal25 amino acids of MS, which includes the carboxyl-terminal three amino acids, SRL, direct a passenger protein to leaf-type peroxisomes (L.J. Olsen, J. Danao, and J.J. Harada, unpublished observations). It has been shown that the carboxyl-terminal six residues of glycolate oxidase, a leaf-type peroxisomal protein, are sufficient to target a passenger protein to leaf-type peroxisomes (Volokita, 1991) . Our results differ with a recent report showing that the carboxylterminal region of castor bean IL is not necessary for its import in vitro into glyoxysomes (Behari and Baker, 1993) . This discrepancy may reflect inherent differences between the two IL proteins rather than in vivo versus in vitro import assays, because, in our hands, the carboxyl-terminal37 amino acids of the oilseed rape protein are necessary for its import into glyoxysomes in vitro (L.J. Olsen and J.J. Harada, unpublished results) .
Because there are several distinct peroxisomal targeting determinants, we asked whether the carboxyl-terminal sequence targets a glyoxysomal protein to different classes of peroxisomes. Our results, summarized in Figure 7 , demonstrate that the carboxyl terminus of IL is sufficient to target the glyoxysomal protein to both glyoxysomes and leaf-type peroxisomes. One implication is that the same receptor that recognizes the SKL consensus determinant is present in all classes of peroxisomes. Alternatively, distinct receptors that recognize the same targeting determinant may be present in each type of peroxisome.
In conclusion, we have shown that leaf-type and root peroxisomes are capable of importing the glyoxysomal protein IL. The carboxyl terminus of IL is necessary for its transport to peroxisomes. As few as five amino acids, including the tripeptide SRM, are sufficient to direct the transport of a passenger protein to peroxisomes. The delineation of this targeting determinant will permit future work directed toward defining the mechanisms of protein import into peroxisomes.
METHODS
Construction of Chimeric Genes
The isocitrate lyase (IL) cDNA clone pbslLA9 from oilseed rape was used to construct the IL gene (Figure 1 ; Comai et al., 1989b; Zhang et al., 1993) . The dG-dC linker at the 5' end of the cDNA insert was removed in Ba131 digestion experiments to increase the translational efficiency of the corresponding mRNAs, and the modified cDNA insert was cloned into Bluescript II KS (Stratagene) to create pbtlLA9.2. The chimeric gene encoding the complete IL polypeptide was constructed by inserting the BamHI-Kpnl fragment from pbtlLA9.2 that contains the entire cDNA insert into the Bglll and Kpnl sites of the vector pMON316 to make pmon3161LA9.2 (Sanders et al., 1987) . In this plasmid, the IL cDNA insert is flanked by the 35s promoter of cauliflower mosaic virus and the Yuntranslated and flanking regions from the nopaline synthase gene (Figure 1) .
The chimeric gene encoding the carboxyl-terminal deletion of IL, IL-37, was made by exchanging an Spel linker (CTAGACTAGTCTAG; U.S. Biochemical) for the Pstl fragment in pbtlLA9.2. This manipulation placed an in-frame translational stop codon into the protein coding region such that the resulting clone pbtlLA9.2-Spel encodes an IL polypeptide that lacks 37 amino acids at its carboxyl terminus (Figure 1) . The BamHI-Spel fragment from pbtlLA9.2-Spel containing regions upstream of the introduced stop codon was inserted into the Bglll-Xbal site of the modified vector pMON316-Xba1, in which an Xbal linker ( CTAGTCTAGTCTAGTCTAGACTAG; U.S. Biochemical) was inserted into the Kpnl site of pMON316.
The chimeric gene encoding oilseed rape malate synthase (MS) was derived from a cDNA clone containing the complete protein coding region pbsMSl (Figure 1 ; Comai et al., 1989a) . The 5'end of the pbsMSl cDNA insert was also digested with Ba131 to remove the dG-dC linker, and the modified insert was cloned into Bluescript II KS to make pbtMSld8. The Xbal-Xhol fragment from pbtMSld8 containing the complete cDNA insert was placed into the Xbal and Xhol sites of pMON316-Xbal.
The CATNL + 35 chimeric gene (Figure 1 ) was constructed using the chloramphenicol acetyltransferase (CAT) gene in pCM4B (Close and Rodriguez, 1982) . A Clal linker (CATCGATG; Promega) was inserted into the Scal site near the 3' end of the CAT gene. The BamHl fragment from this clone containing the entire CATgene was inserted into the Bglll site of pMON316-Xbal to create pmon316CAT-Clal. DNA sequence encoding the carboxyl-terminal region of IL was prepared by exchanging a Clal linker (CCCATCGATGGG; Promega) for the Ncol fragment in pbtlLA9.2. The 03kb Clal fragment from the resulting plasmid encoding the IL carboxyl-terminal region was then exchanged for the Clal fragment in pmon316CAT-Clal. The fusion protein encoded by the gene is missing nine amino acids from the carboxyl terminus of CAT and contains four residues encoded by the synthetic linker and 35 amino acids from the carboxyl terminus of IL (Figure 1 ). The CAT gene alone was made by inserting the BamHl fragment from unmodified pCM4B into the Bglll site of pMON316-Xbal (Figure 1 ).
The C4TBRM gene was constructed by annealing the complementary oligonucleotides 5'-CGGATGAGTGGCAGGGCGGGGCCAAGTCCA-GAATGTAAC-3' and 5'-TCGAGTTACATTCTGGACTTGGCCCCGCC-CTGCCACTCATC-3' and inserting the double-stranded fragment into the Clal and Xhol sites of pmon316CAT-Clal. The fusion protein encoded by CATlSRM consists of five carboxyl-terminal amino acids of IL fused to the carboxyl terminus of CAT (Figure 1) .
Standard procedures were used for all manipulations (Sambrook et al., 1989) . The nucleic acid sequence of all junctions created in the cloning steps was verified.
Plant Transformation and Growth
Gene constructions were mobilized into Agrobacterium tumefaciens (strain GV3111-SE) as described by Fraley et al. (1985) . Root explants of Arabidopsis thaliana were transformed according to the protocol of Valvekens et al. (1988) . The No-O ecotype was used for all constructions except CATKRM, which was transferred into the C24 ecotype. Primary transformants were designated To plants.
To obtain transgenic green seedlings containing leaf-type peroxisomes, vernalized Te seeds, collected from kanamycin-resistant TI plants, were surface sterilized in 30% bleach, 0.4% Triton X-100, and grown on germination media (0.22% MS salts [Gibco BRL, Grand Island, NY], 1% sucrose, 100 pglmL myo-inositol, 1 pg/mL thiamine-HCI, 0.5 pglmL nicotinic acid, 0.5 pglmL pyridoxine, 0.5% bactoagar) containing 50 pglmL kanamycin for 14 days in a growth chamber at 22OC with 16 hrl8 hr lighvdark cycle. Etiolated seedlings containing glyoxysomes were grown as described above, except that following 1-day exposure to light, seedlings were grown for 4 additional days in complete darkness, and germination media without kanamycin was used. Endogenous IL and MS were detected by immunoblot analyses of extracts from etiolated seedlings.
Tissue Extraction and Cell Fractlonation
Seedlings for protein blot analyses were ground in liquid nitrogen with a mortar and pestle. The resulting powder was homogenized in a glass homogenizer with 2 mL cold grinding buffer (50 mM Tris-HCI, 5% glycerol, 4% SDS, 1% polyvinyl-polypyrrolodone, pH 8) per gram fresh weight. In some cases, a cocktail of protease inhibitors containing 10 mM EGlA, 1 mM each of phydroxymercuribenzoic acid, phenylmethylsulfonylfluoride (PMSF), benzamide, 6-aminocaproic acid, benzamidine, and 1 pglmL antipain and leupeptin was also added immediately before use. The homogenate was centrifuged in a microcentrifuge for 10 min and the supernatant stored at -7OOC.
Seedlings for cell fractionations were harvested, weighed, and chopped with severa1 razor blades for 15 min in cold grinding buffer (150 mM Hepes, 10 mM KCI, 1 mM MgC12, 0.5 mM EDTA, 1 mM DTT, 1 mM PMSF [added immediately before use], 1 mglmL BSA, 13% sucrose [wt/wt], pH 7.5). All subsequent steps were performed with resuspension buffer (grinding buffer without the DTT, PMSF, and 6%). The finely chopped tissue was filtered through cheesecloth or fine nylon mesh with Iow-speed centrifugation, and the filtrate was centrifuged at 3500 rpm (15009) for 10 min at 4OC in a SS-34 rotor (Du Pont Company). The supernatant was carefully removed and loaded directly onto continuous 30%-60% (wvwt) sucrose gradients in 45 mM Tricine-KOH, 1 mM EDTA, pH 7.5. Organelles were separated in the gradient by centrifugation at 35,500 rpm (91,lOOg) for 2 hr at 4OC in a TV865B rotor (Du Pont Company). One milliliter fractions were generally collected manually from the bottom of the gradient and stored at -2OOC.
Seedlings assayed for CAT activity were homogenized directly in 125 mM Tris-HCI, 1 mM EDTA, 1 mM PMSF, pH 7.8. Supernatants obtained after 10-min centrifugations in a microcentrifuge were used in the assay (see below).
lmmunoblot and Enzyme Assays
The preparation of antisera against oilseed rape IL and MS was described previously (Ettinger and Harada, 1990) . The antisera were fractionated by chromatography on Protein A and Sepharose columns, and the immunoglobulin fractions were used for the immunoblots.
Samples for protein blots were fractionated using 10% SDS-PAGE and transferred to membranes, as described by Harlow and Lane (1988) .
For protease resistance assays, aliquots of selected gradient fractions were incubated with 100 pglmL proteinase K on ice for 30 min. Protease activity was stopped with l mM PMSF, and the samples were prepared for SDS-PAGE. Proteins were detected by immunoblot analyses using 1:5000 dilutions of IL or MS antibodies and alkaline phosphatase-conjugated anti-rabbit secondary antibodies (Promega) using washes of 20 mM Tris, 150 mM NaCI, 0.1% Tween-20, pH 7.4. The protein bands were visualized by colorimetric development and quantitated on a Bioimage Analyzer (MilliGenlBiosearch Division of Millipore, Bedford, MA). CAT assays were performed by the phase extraction method of Seed and Sheen (1988) . Fumarase (NADP-coupled malic enzyme-coupled fumarate hydratase) assays were performed according to the method of Hatch (1978) . Chlorophyll content was determined by the method of Arnon (1949) .
lmmunogold Localization
Leaf and root pieces from plants transformed with the /L gene or with the transformation vector alone, pMON316, were fixed in 1.5% glutaraldehyde and 2V0 formaldehyde in 0.1 M sodium cacodylate buffer, pH 7.2 (Karnovsky, 1965) , washed with 0.1 M sodium cacodylate buffer, pH 7.2, dehydrated in an ethanol series, and embedded in LR White resin (hard grade; Ted Pella, Inc., Redding, CA), according to the manufacturer's directions. Ultrathin sections, mounted on gold grids, were blocked in 1% BSA, 5% goat normal serum in TTBS (10 mM Tris-HCI, 150 mM sodium chloride, 0.05% Tween 20, 0.02% sodium azide, pH 7.6) and reacted successively with a 1500 or 1:lOOO dilution of anti-lL antibodies in the blocking solution anda 150 dilution of goldconjugated goat anti-rabbit antibodies (Amersham, 15 nm size) in 1% BSA in TTBS. Sections were stained in uranyl acetate and poststained in lead citrate. Sections were viewed and photographed with a transmission electron microscope (EM200; Phillips Electronic Instruments, Mahwah, NJ).
